Given the importance of residual stresses and dimensional changes in composites manufacturing, process simulation has been the focus of many studies in recent years. Consequently, various constitutive models and simulation approaches have been developed and implemented for composites process simulation. In this paper, various constitutive models, ranging from elastic to nonlinear viscoelastic; and simulation approaches ranging from separated flow/solid phases to multiscale integrated phases are presented and their applicability for process simulation is discussed. Attention has been paid to practical aspects of the problem where the complexity of the model coupled with the complexity and size scaling of the structure increases the characterization and simulation costs. Two specific approaches and their application are presented in detail: the pseudoviscoelastic cure hardening instantaneously linear elastic (CHILE) and linear viscoelastic (VE). It is shown that CHILE can predict the residual stress formation in simple cure cycles such as the one-hold cycle for HEXCEL AS4/8552 where the material does not devitrify during processing. It is also shown that using this simple approach, the cure cycle can be modified to lower the residual stress level and therefore increase the mechanical performance of the 2016 The Author(s) Published by the Royal Society. All rights reserved.
Introduction and background
The worlds of structural simulation and process simulation are rapidly converging as it becomes increasingly clear that failure predictions can be significantly enhanced if processinduced conditions and defects are captured in the structural simulation. Processing outcomes that affect structural response range from thermal outcomes (e.g. degree of cure (DOC) or crystallinity, physical morphology), to quality outcomes (e.g. ply thickness, volume fraction, wrinkling and waviness, porosity) or mechanical outcomes (e.g. dimensional change and residual stress).
The state of the art in modelling these outcomes as a function of processing conditions is quite varied in terms of rigour, completeness, breadth, integration and application. Broadly speaking, there are three ranges of matrix response where different simulations strategies can be applied: (i) high temperature, low cure/crystallinity where the system is essentially fluid like and viscous; (ii) mid-temperature, gelled or crystallized where the system is viscoelastic and (iii) lower temperature, below the glass transition temperature (T g ), where the system is essentially elastic. The behaviour of the system must also be considered at all scales, which in processing includes not only the classical microscale, mesoscale, layer/lamina scale and structural scale, but also the tooling, equipment and other associated manufacturing initial and boundary conditions. Here we present the key aspects of our work in creating a coherent and consistent framework for process modelling, and provide experimental and simulation results to highlight both successes and needs. In particular, we focus on residual stress development under different thermal histories, and show how a multiscale modelling approach can be exercised to evaluate and predict different aspects of this problem.
For the rest of this paper, we present our arguments and results in the context of thermoset matrix pre-impregnated unidirectional fibre-reinforced composite materials, unless otherwise indicated. However, it is important to note that our approach applies equally to thermoplastic matrices, to infusion processes and to more complex fibre architectures: in these cases, the framework is still valid, but of course the type and/or complexity of characterization and representation changes and/or increases.
It is typical to describe the different phases of composites processing in terms of the evolution of the chemical and physical structure of the resin, and the ensuing changes in mechanical response. Given that the fibre is essentially an elastic solid with limited deformation capacity, this approach is both descriptive and a good framework in which to develop a model representation.
All composite processes consist of getting the fibre and matrix on to a tool to create the structural shape of interest. If the fibre is placed first and the matrix is added next, then the process is called an infusion process. If the fibre and matrix are combined first and then placed together on the tool, then it is a pre-impregnated (prepreg) process, and so forth. In all cases, understanding the evolution of the resin structure and properties is key. Prior to gelation, a thermoset resin is a low molecular weight polymer with excellent flow properties. As the temperature increases, its response will change from stiff but highly brittle glassy to increasingly less viscous fluid behaviour. However, as a thermoset, the increasing temperature will cause the chemical reaction to start, and as either time and/or temperature increase, the molecular weight will increase and the viscosity will increase owing to this microstructural change. During this flow-dominated phase of processing, the application of vacuum and pressure will cause the part to compact, voids to be removed, resin to infiltrate and in general, the part will broadly look like the finished part other than it is uncured, with undeveloped mechanical state and properties. The resin ceases to behave as a fluid past gelation, the point at which a three-dimensional network of polymer chains has developed. Although gelation is rather difficult to determine experimentally (it is sensitive to test method and interpretation), there is no doubt that there is a point beyond which the resin begins to have appreciable mechanical memory and that residual stress can no longer be completely relaxed out. Beyond this point, it is common in the process literature to move to a solid-based description and representation of the process. As will be described below, some sort of viscoelastic representation of the resin is assumed, and it is clear that residual stresses build up owing to a wide range of mechanisms at different scales [1] .
From a broad historical perspective, composites process simulation has built off pre-existing soil mechanics simulation approaches for infusion and pre-gelation simulation, and off structural simulation for post-gelation residual stress and dimensional change simulation. As a result, there are some inconsistencies and gaps that are long-term obstacles to a complete and coherent framework. As the focus of this paper is multiscale modelling of residual stress, we will restrict ourselves to pointing those shortcomings relevant to accurate residual stress prediction and current approaches to overcoming them. It is worthy of note that by using process simulation as presented in this paper, processing parameters can be optimized to minimize residual stress levels in a composite component. This highlights the value of process simulation in minimizing the effect of defects and increasing the mechanical performance of composites.
Residual stress formation and representation
Owing to the importance of residual stresses and dimensional changes in composite manufacturing, process simulation has been the topic of much research in recent years. The trend, which perhaps started with early works such as Hahn & Pagano [2] with their elastic constitutive model has been continued with the contributions of many researchers in the field. Ranging from simple elastic models to thermorheologically complex viscoelastic models [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , available models capture various aspects of the complex behaviour of the material and contributing factors to residual stress formation.
At different size scales, various factors contribute to the formation of residual stresses [1] . At the micro-level, the mismatch of free strains (i.e. cure shrinkage and thermal strains) in the resin and fibre results in the formation of residual stresses. Coupled with the free strains are other factors, including elastic/viscoelastic material properties, volume fraction, fibre architecture, fibre-bed stiffness and process parameters (i.e. temperature and pressure cycles). At the laminate level, the mismatch of fibre orientations between plies imposes constraint and subsequently further increases the residual stress level in each ply. At the coupon-level, the tool, the part and the curing environment are considered as a system where tool-part interaction coupled with the process parameters results in the formation of additional residual stresses. At the component level, variation of process parameters including variation of airflow can affect the curing histories at different locations of the part to further create residual stresses. Other geometrical features such as ply-drop-offs, sharp corners and noodle regions can create discontinuity/asymmetry in the system to even further increase the stress level. Post-process activities, including demoulding, post-curing, trimming, cutting and drilling, all may contribute to either increase or relieve some of the locked stresses in the laminate.
Various constitutive models have been proposed in the literature to capture the complex behaviour of composite materials during and after processing. As the complexities of these models are increased, so does the material characterization cost and simulation cost associated with them. The following categories of constitutive models have been proposed in the literature.
-Elastic (E): in the early process simulation attempts, elastic or thermoelastic constitutive models were used [3, [13] [14] [15] . Although such models might give good insights into the behaviour of the material and overall development of residual stresses, they lack the complexity to yield quantitatively good results. -CHILE: the cure hardening instantaneously linear elastic approach accounts for modulus development during cure [5, 9, [16] [17] [18] [19] . In this constitutive model, the material is assumed to be elastic with a constant modulus at each time that only changes with temperature and DOC
where E is the instantaneous elastic modulus, α is the DOC and T is the temperature. Although polymer composites are viscoelastic and their properties are time-dependent, for the cases where the modulus during cure is constantly increasing, accurate results can be obtained using this model [18, 20] . For example, the CHILE approach can accurately predict residual stresses and deformation during a simple one-hold cure cycle. This example is further discussed later in this paper. -Variable time pseudo-viscoelastic (PVE): this model is basically a calibrated CHILE approach to increase its predictive accuracy at a similar computational cost. In this approach, the instantaneous modulus is defined as the viscoelastic storage modulus at a certain frequency or the viscoelastic relaxation modulus at a specific time such that the constitutive model approximately yields the same response as the viscoelastic approach [21] . This model enforces the following equation on the instantaneous modulus
which defines E as the relaxation modulus at a suitable time, t e , which can be determined for a given cure cycle [21] . Similar to CHILE, application of this model is limited to the cases where the modulus is increasing during processing. -Linear viscoelastic (VE): considering the viscoelastic behaviour of composites after gelation, many researchers have employed viscoelastic constitutive models for process simulation [12, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Assuming a thermorheologically simple response, the constitutive equation for this model can be written as follows (i.e. Boltzmann superposition integral)
where ξ and ξ are reduced times which are obtained based on time-temperaturecure superposition approach [21] . Although in the integral form the above approach is not computationally efficient, it is shown that the differential form yields the same response as the integral form at much lower computational cost [32, 33] . A full viscoelastic characterization of the material is required in this approach [34, 35] . This model can be used for the cases where the material experiences stress relaxation during or after processing. Examples are complex cure cycles with intermediate holds where the material devitrifies during processing or simulation of the off-tool post-curing -Thermoviscoelastic (TVE): materials that do not obey thermorheologically simple behaviour are termed 'thermorheologically complex' [36] . Schapery's TCM-1 and TCM-2 [36] are two classes of such material response. TCM-2 is defined as a material whose uniaxial behaviour is governed by the equation
where ξ is the reduced time, Figure 1 . Hierarchy of application of constitutive models for composites process simulation.
model can be used. Some researchers have employed these constitutive models for process simulations [37, 38] .
The application of the above-mentioned models is schematically shown in figure 1. As mentioned before, as the complexities of the models are increased, the computational costs associated with them are also increased. Moreover, computational cost is also a function of the complexity and size scaling of the structure. Consequently, it becomes impractical to apply complex constitutive models such as TVE or NVE to large/configured composite components. A practical method is to implement a backward-compatible simulation approach in which various constitutive models such as CHILE or VE can be invoked depending on the application and complexity of the structure. The benefit of such an approach is to minimize the characterization cost associated with the simulation. For example, by characterizing the viscoelastic properties of the material for a VE model, a backward-compatible simulation approach can employ the CHILE model for faster simulation while using the already characterized viscoelastic properties.
Multiscale approach to characterization and process simulation
As mentioned before, for composite processing, three ranges of material behaviour are usually considered:
-before gelation where the matrix is fluid and viscous (generally high temperature, low cure/crystallinity), -after gelation but before vitrification where the material is viscoelastic, and -after vitrification where the material behaviour is elastic (below T g ).
Traditionally speaking, the flow response (before gelation) is usually simulated separately from the solid response [39] , and stress development is only considered in the solid state. In the solid state, the responses of the fibre and matrix are combined through a suitable micromechanical model such as Hashin's CCA model [40, 41] . To do so, either PVE or viscoelastic properties of the resin, along with fibre properties, are used to calculate lamina-level properties; K and G (i.e. bulk and shear moduli). Upon calculating the residual stresses at the lamina level, a reverse micromechanics approach [19] can be employed to calculate average phase level stresses.
However, there are issues with the above-mentioned traditional approach. One main drawback is that stress development, in fact, initiates pre-gelation [42] [43] [44] . Early in the cure cycle when the resin is essentially a viscous fluid, interaction of tool and wavy fibre bed may result in appreciable stress development [42] . This effect is intensified by the mismatch of thermal strains (i.e. CTE difference), debulking pressure, geometrical features and tool surface condition. Postgelation, when the resin becomes viscoelastic, this residual stress will be shared between resin and fibre.
From a numerical standpoint, there are perhaps two approaches to capture residual stress development in the material starting from the pre-gelation state.
-Relying on traditional process simulation approaches to separate the flow and solid responses [39] , but incorporating the fibre-bed response into the solid micromechanics in the pre-gelation regime [45] : in order to consider the stress development pre-gelation, the simplest approach is to incorporate the effect of fibre-bed stiffness into classical solid micromechanics. The inspiration for this approach is based on oscillatory shear test results conducted in a rheometer to compare the response of neat resin and prepreg [45, 46] . For example, tests conducted on MTM 45-1 neat resin and prepreg to obtain shear storage modulus, G , are shown in figure 2a. This shows that the G relaxed for resin tends to zero pre-gelation while prepreg has a notable G relaxed . This comparison highlights the effect of fibre-bed stiffness in the pre-gelation flow regime. This effect can be observed better by cross-plotting measured G prepreg and G resin as shown in figure 2b . Before gelation, G prepreg is not negligible and tends to a constant value. To modify classical micromechanics, a lower bond value for prepreg properties, G min , is considered. Combined with tool-part interaction, this stiffness results in the development of residual stresses in the material starting from the pre-gelation flow regime and then extending to the post-gelation solid regime [45] . The comparison of a simple modified micromechanical approach with the experimental results is also shown in figure 2b as produced by Malek et al. [45] . -Employing an integrated flow-stress modelling approach [47, 48] : one shortcoming of the previous approach is the neglect of the effect of the debulking and compaction step on the final dimensional changes and residual stress development. In the pre-gelation regime, under excessive pressure, resin flows and the thickness of the material and consequently volume fraction changes. In order to properly account for this in residual stress development, the volume fraction and thickness changes have to be included in the process simulation. An integrated simulation framework to combine the preand post-gelation steps and to consider the stress development throughout the entire curing process (i.e. pre-gelation and post-gelation) was first introduced by Haghshenas et al. [47, 48] . By bringing the flow-compaction step (i.e. debulking) along with the fibrebed properties into the stress development, this integrated approach can address the above-mentioned issues.
Although the above two approaches can consider the stress development during the pregelation step, the integrated simulation approach is a much more complete method and can also address the compaction issue. Moreover, this approach has the potential to be extended into a three-phase integrated micromechanic solution to consider resin, fibre and gas phases. Such a three-phase model has the capability to combine the effects of defects (e.g. wrinkling and porosity development) into the residual stress development as a fully integrated simulation approach.
In order to obtain the viscoelastic or PVE material properties required for thermochemical, flow/compaction and stress/deformation numerical analyses, a combination of the following tests might be conducted to cover material responses from pre-gelation liquid state to fully cured solid estate [46, 49] .
-Differential scanning calorimeter (DSC) tests: in order to establish the cure kinetic models of the material, DSC tests can be conducted. Much more rarely, Fourier transform infrared spectroscopy is used. -Rheometry tests: for pre-gelation response, rheometers using the parallel plate geometry can be used to conduct oscillatory shear tests in order to measure the response of the resin and fibre bed. -Dynamic mechanical thermal analysis tests: using a three-point bend test fixture and by conducting dynamic tests on partially cured prepreg beams, post-gelation viscoelastic/PVE modulus development can be measured. -Thermomechanical analyser (TMA) tests: free strains (i.e. cure shrinkage and thermal strains) can be measured using tests conducted in a TMA. Alternatively, these strains can be estimated from bi-material beam tests in a DMA [50] .
As mentioned previously, although viscoelastic constitutive models can account for the time-dependency of material properties and potentially provide more accurate responses compared with PVE models, their characterization process is much more challenging and time consuming compared with characterization of PVE properties. As a result, only a handful of studies have been conducted to characterize the full viscoelastic properties of curing composites [35, 49] . While the aim of the characterization is to provide input parameters for numerical simulations, validation experiments on larger specimens are also found in the literature. Corner spring-in measurements of C-and L-shaped laminates are the most common. Other approaches include, for example, unbalanced 0/90 laminates cured to different points in the cure cycle and then quenched and reheated while measuring curvature to separate out thermoelastic and non-thermoelastic contributions [51] .
Application of the CHILE for residual stress development
In this section, the CHILE model presented previously will be used to simulate residual stress development in a composite laminate. HEXCEL AS4/8552 prepreg was used in this study with two different cure cycles: (i) manufacturer's recommended one-hold cure cycle [52] as shown in figure 3a , and (ii) two-hold cure cycle as shown in figure 3b. In the one-hold cure cycle, the temperature is increased from room temperature to 180 • C with a heating rate of 3 • C min −1 . The temperature is then held for 2 h during which the material gels and vitrifies. For this cure cycle, DOC and the T g were calculated using the 8552 NCAMP material model [52] implemented in the RAVEN software [53] as shown in figure 3a . The final DOC is 0.9 for this cure cycle. As discussed earlier, several factors contribute to the formation of residual stresses during and after processing including material properties, tool-part interaction and process parameters. For the one-hold cure cycle, the residual stress development during the cure cycle can be divided into five zones as shown in figure 3a.
-Zone I, before gelation (DOC <∼ 0.55): as temperature is increased, resin viscosity drops and starts to flow owing to external pressure (compaction). Before gelation, while the resin is still liquid, resin cure shrinkage and thermal strains do not contribute to the residual stress in the resin. However, as discussed before, mismatch of thermal strains and tool-fibre bed interaction results in stress development in the fibre bed. -Zone II, after gelation and before vitrification during the hold (0.55 < DOC < 0.88): polymerization leads to gelation and onset of rubbery behaviour in the resin. During the hold, resin cure shrinkage coupled with this modulus development leads to residual stress. Owing to the low resin modulus, initially cure shrinkage might not significantly add to the residual stress level. However, as the modulus increases, the effect of cure shrinkage becomes more pronounced. Although the material is viscoelastic during this step, the relaxation time is short enough such that the relaxed modulus (i.e. rubbery modulus) contributes to the residual stress formation. -Zone III, after vitrification and before cool-down (0.88 < DOC < 0.90): as the cure advances, cure shrinkage combined with glassy modulus contributes to the residual stress formation. Because the curing slows down after vitrification, residual stress level increases slightly in this zone. -Zone IV, during cool-down (DOC = 0.9): during the cool-down, polymerization and subsequent cure shrinkage stops. the vitrification temperature to reduce the overall CTE effect on residual stress formation. In order to validate this notion, a two-hold cure cycle as shown in figure 3b is considered in this study. In this cycle, the temperature is increased from the room temperature to 140 • C at a heating rate of 3 • C min −1 . The temperature is then held for 4 h during which the material gels and vitrifies. The temperature is then increased to 180 • C at a slow rate of 0.2 • C min −1 such that the material never devitrifies. After holding the temperature at 180 • C for 2 h, a final DOC equal to 0.9, similar to previous cure cycle, is reached. To ensure that the part never devitrifies during processing, RAVEN was used to select the heating rate such that the T g always remains 20 • higher than the part temperature (figure 3b). Considering the residual stress development, the two-hold cure cycle can be divided into seven zones.
-Zone I, before gelation (DOC < 0.55): similar to the one-hold cycle, whereas the resin is liquid, only tool/fibre-bed interaction results in the generation of residual stresses in the fibre bed. -Zone II, after gelation and before vitrification during the first hold (0.55 < DOC < 0.72): similar to the one-hold cycle, resin cure shrinkage coupled with the modulus development results in the development of residual stresses. At this stage, the relaxation time is short enough such that the relaxed modulus contributes to the stress formation. -Zone III, after vitrification during the first hold (0.72 < DOC < 0.75): compared with the one-hold cycle, vitrification occurs at a lower temperature (140 • C compared with 180 • C) and a lower DOC (0.72 compared with 0.88). During the hold, similar to the on-hold cycle, curing slows significantly and residual stress level increases slightly. -Zone IV, during the second heat-up (0.75 < DOC < 0.88): as the temperature is increased, cure advances and cure shrinkage further increases the residual stress level. At the same time, thermal expansion during the heat-up reduces the residual stress level. Overall, during this step, the combined effects of cure shrinkage and thermal expansion on residual stress level might be negligible or might even reduce the residual stress. -Zone V, during the second hold (0.88 < DOC < 0.90): in this zone, curing and subsequent resin shrinkage is negligible. Residual stress level changes slightly owing to the cure shrinkage. -Zone IV, during cool-down (DOC = 0.9): similar to the one-hold cycle, mismatch of thermal strains results in further increase of residual stress. -Zone V, after demoulding (DOC = 0.9): owing to the post-process activities such as demoulding and trimming, residual stress level changes.
In order to compare the process-induced residual stresses in the above-mentioned two cure cycles, numerical simulations using the CHILE approach combined with experimental studies were conducted. A cross-ply [0/90] s lay-up was considered for these studies. In order to use the CHILE simulation approach, characterization tests were conducted using a DMA machine to measure the free strains (i.e. combined cure shrinkage and thermal strains) and modulus development during each cure cycle. To validate the simulation approach, tensile tests were conducted on the samples fabricated using the two different cure cycles to compare the level of residual stress and mechanical performance of the laminates. In the first step, to characterize the material properties, dynamic tests were conducted using the bimaterial beam fixture [46] . For each dynamic test, a bimaterial beam consisting of a [90] 4 laminate and a thin steel shim was constructed. A steel shim was used to support the prepreg before gelation and also to impose an asymmetry condition on the beam for characterization purposes. To measure modulus development during each cure cycle, dynamic tests were conducted at a low frequency of 0.1 Hz and amplitude of 150 µm. As explained previously, the low frequency is chosen such that the storage modulus can be used in the CHILE simulation approach. The chosen amplitude is also based on previous studies to ensure that the modulus measurement is accurate [46] . To apply the load on the beam, a small hole was cut out in the centre of the prepreg and a small steel ball was placed on the steel shim at the cut-out. At each step, a static load equal to 1.25 times the dynamic load was applied on the beam to make sure that the contact was not lost during the test. As cure progresses, the asymmetry condition of the beam coupled with the prepreg modulus development and free strains results in permanent deformation at the centre of the beam. This permanent deformation is then used to back-calculate the free strains in each cure cycle [50] . The measured permanent deformation at the centre of the beam for the two cure cycles are shown in figure 4 . The modulus development in the prepreg during the two cure cycles obtained from the dynamic tests are also shown in figure 5 . To back-calculate the free strains, th+cs , a MATLAB code was written to implement the relevant laminated plate theory (i.e. LPT) and CHILE equations. To calculate the free strains, at each instant, LPT equations are employed: mid-plane, and N th+cs and M th+cs are the force and moment owing to shrinkage and thermal strains:
where E is the instantaneous modulus, t is the thickness of each layer andZ is the distance of each layer to the beam mid-plane. The calculated free strains for the two cycles as a function of the temperature are shown in figure 6a . In both cycles, the calculated effective free strains are zero before gelation. This is due to the fact the resin is liquid, and consequently, there is no permanent deformation nor residual stresses in the resin. In the one-hold cycle, during the 180 • C hold, linear cure shrinkage of 0.7% is measured for the prepreg. As mentioned before, this value only represents the cure shrinkage after gelation where the mismatch of free strains coupled with modulus development results in permanent deformation of the beam. The strain value then increases to 1.23% during cool-down as a result of additional thermal shrinkage. In the two-hold cycle, free strain of 0.6% is measured during the first hold of 140 • C owing to cure shrinkage. This value is then reduced to about 0.5% owing to the combined effects of cure shrinkage and thermal expansion. During the second hold of 180 • C, the free strain level does not change much, because cure is almost stopped. After cool-down, the free strain level increases to 1.03% owing to thermal shrinkage. This comparison shows that the free strain level in the second cycle is 0.2% lower than the first cycle. Using the free strain and modulus development values, residual stress development in a [0/90] s laminate was calculated using the CHILE approach as shown in figure 6b (for more details, please refer to [50] ). Between the two cure cycles, a difference of about 9.4 MPa can be observed for the residual stress level in the 90 • layers. This can be converted into a difference of about 0.09% in residual strain between the two cure cycles. As shown in figure 6b, this difference is mainly owing to the effect of the second heating ramp. During this ramp, the material behaviour is glassy. The coupled glassy modulus and reduced free strains owing to the thermal expansion results in the overall reduction of residual stress.
It is generally thought that residual stresses reduce mechanical performance, especially for matrix-dominated properties. To validate this, tensile tests were conducted on [0/90] s laminates fabricated in an autoclave using the one-hold and two-hold cure cycles. During each test, crack figure 3 . For each cycle, five repeats were conducted and the results were compiled. The two-hold cycle shows improved performance of about 0.1% for strain-to-failure. density in the 90 • layers was measured to gauge the relative effect of process-induced residual stresses. As described previously, many factors contribute to the transverse tensile strength of a composite layer. For this study, where the only difference is the cure cycles, considering that both have the same DOC at the end (i.e. 90% in this study), the only difference is the residual stress level. Assume that
Based on this equation, comparing the two cure cycles, any observed changes in the mechanical performance can be attributed to the change in the residual stress level. In this study, for each test, one edge of the tensile sample was polished and monitored using a Keyence VHX-1000 microscope to measure the crack density. The tests were interrupted at intervals of 200 N to count the number of cracks in the 90 • layers as shown in figure 7 . For each cure cycle, five repeats of tensile tests were conducted. The matrix-cracking densities as a function of applied tensile strains are compared in figure 8 for the two different cure cycles. The comparison shows that the matrix-cracking initiates earlier in the one-hold cycle. The offset between the two matrix crack density-applied mechanical strain curves is about 0.1% which is essentially equal to the 0.09% difference in residual strain value obtained using the CHILE simulation approach. This agreement implies (i) the validity of equation (4.3) and (ii) the validity of the CHILE approach for this set of cure cycles.
Shortcomings of pseudo-viscoelastic and application of viscoelastic
As discussed earlier, CHILE and PVE approaches are only applicable to hardening materials where modulus increases during the cure process. In more complex cure cycles, such as ones with post-cure stages, the material can experience devitrification, as a result of which, depending on the applied load and boundaries, the material may experience stress relaxation. The CHILE/PVE approach is not capable of predicting such phenomena, and a full viscoelastic framework is required.
To demonstrate the stress relaxation phenomenon during post-cure, a bimaterial beam was tested in the DMA. Initially, the bimaterial beam was held flat using steel plattens and fully cured using a single hold cure cycle at 230 • C. After cool-down, the constraint was removed and the beam placed in the DMA again, but in a simply supported fixture, to experience a free-standing post-cure up to 260 • C. This temperature history is shown schematically in figure 9 . The measured beam deflections at the end of single hold cycle was 1.55 mm, and after the free-standing postcure it was 2.55 mm. Figure 10 shows the measured deflection history during the free-standing post-cure.
For the Hexcel 8552 resin system, the fully cured T g is about 250 • C. However, the transition in modulus starts at a lower temperature of about 210 • C. It can be seen that when the material approaches this temperature, a transition is observed in the deflection versus temperature curve during both heat-up and cool-down stages as shown in figure 10 . In figure 10 , it can be seen that during heat-up, unlike cool-down, the material does not show the expected deformation owing to the rubbery CTE. This behaviour can be described using a simplified Maxwell model (figure 11) for the specified points in figure 10 during the post-heat-up cycle.
-Point A, during on-tool cool-down at the transition temperature of 210 • C: the rubbery spring (E 1 ) is under tension while the steel shim is under compression owing to the cure shrinkage and minor CTE contribution. The second spring (E 2 ) connected to a dashpot is almost stress free at this point. This is because the dashpot was relaxed during the high-temperature cure. -Point B, before tool removal: the rubbery spring (E 1 ) is under tension owing to the combined cure shrinkage and cool-down CTE effects. The second spring (E 2 ) is under tension mainly owing to CTE effect. -Point C, after tool removal: as the external force is removed, the bimaterial beam deforms into a curved shape. At this point, the state of stress in all the springs is reduced owing to the tool removal. Figure 11 . Representation of the bi-material beam. The viscoelastic behaviour of the prepreg is represented using a simplified two-element Maxwell model. The steel shim is represented using a spring (E steel ).
-Point D, during heat-up: the CTE effect is reversed in springs. Spring E 1 is at a further reduced state of tensile stress; spring E 2 is now under compression. Compared with point A, the compressive stress is induced owing to the deflection after tool removal. -Point E, during post-heating at high temperature of 260 • C: the compressive stress in spring E 2 is fully relaxed. -Point F, during cool-down at the transition temperature of 210 • C: compared with point D, deformation is increased owing to relaxation of compressive stress in E 2 . -Point G, after final cool-down: deformation is further increased. Final curvature of the beam is larger than its curvature at point C owing to the rebalance and relaxation of stresses during the off-tool post-heat-up.
Such behaviour cannot be predicted using a PVE simulation approach where relaxation is not considered. Comparison of predicted deflections of the bi-material beam during the free-standing post-heat-up cycle as shown in figure 9 using PVE and VE models. For these simulations, the viscoelastic model of Hexcel 8551-7 from the study by Simon et al. [35] , implemented in COMPRO software [56] , was used. (Online version in colour.)
characterization does not yet exist. In order to compare the predications of the PVE and VE models, the viscoelastic material properties for Hexcel 8551-7 resin system from the study by Simon et al. [35] were used instead. It should be noted that the properties of 8551-7, in particular a much lower T g , are different from Hexcel 8552. The viscoelastic simulation conducted here is only intended to compare the behaviour of the PVE and VE models. Figure 12 compares the predictions of the PVE and VE models for 8551-7 during the freestanding post-cure step using the VE/PVE values from Simon et al. [35] as exercised in COMPRO [56] . It can be seen that the PVE model does not capture the additional deflection as a result of viscoelastic effects during post-cure, whereas the VE model predicts the same trends seen in the experiment. Similar to experimental observation, the VE simulation shows a change of trend during heat up as the temperature approaches the material T g . By the end of cool-down, the VE simulation predicts a significant increase in the beam deflection; a phenomenon that was also observed in the experiments.
6. Discussion and conclusion -Contrary to common perception, fibre-bed interactions, especially with the tool, can result in measurable development of the residual stress prior to gelation, in what is normally considered the flow stage of processing. -In order to capture stress development over the full range of material response, two numerical approaches can be considered: (i) simulating the flow and solid response separately, but incorporating the effect of the fibre bed into traditional solid micromechanics. The effect of the fibre bed can be represented by imposing a lower bound to the resin properties (e.g. G min ) during cure or (ii) employing an integrated flow-solid simulation approach where the responses are combined through two-phase micromechanics. Such an approach has the benefits of being more rigorous and also incorporating the compaction step and its effects on residual stress development. surprisingly, increasing complexity allows for the prediction of more complex cycles. As model complexity is increased for higher accuracy, characterization and computational costs associated with them are also increased. -It is shown that using relatively simple and efficient CHILE/PVE approaches, residual stress development and its effects on mechanical performance of composites can be successfully simulated for cure cycles where the material properties are always evolving (i.e. no devitrification or softening response). -It is shown that for cases where the material experiences softening and devitrification, CHILE/PVE approaches are not suitable models for process simulation. VE/TVE models, on the other hand, are capable of simulating residual stress development for such cure cycles.
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